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ABSTRACT
YY1 is a DNA-binding transcription factor found
in both vertebrates and invertebrates. Database
searches identified 62 YY1 related sequences from
all the available genome sequences ranging from
flying insects to human. These sequences are
characterized by high levels of sequence conserva-
tion, ranging from 66% to 100% similarity, in the
zinc finger DNA-binding domain of the predicted
proteins. Phylogenetic analyses uncovered duplica-
tion events of YY1 in several different lineages,
including flies, fish and mammals. Retroposition is
responsible for generating one duplicate in flies,
PHOL from PHO, and two duplicates in placental
mammals, YY2 and Reduced Expression 1 (REX1)
from YY1. DNA-binding motif studies have demon-
strated that YY2 still binds to the same consensus
sequence as YY1 but with much lower affinity. In
contrast, REX1 binds to DNA motifs divergent from
YY1, but the binding motifs of REX1 and YY1 share
some similarity at their core regions (50-CCAT-30).
This suggests that the two duplicates, YY2 and
REX1, although generated through similar retro-
position events have undergone different selection
schemes to adapt to new roles in placental
mammals. Overall, the conservation of YY2 and
REX1 in all placental mammals predicts that each
duplicate has co-evolved with some unique features
of eutherian mammals.
INTRODUCTION
The transcription factor YY1 (Yin Yang 1) is a Gli–
Kruppel type zinc ﬁnger protein, and can function as a
repressor, activator or transcription initiator depending
upon the sequence context of YY1-binding sites with
respect to other regulator elements (1). The protein has
a DNA-binding domain at the C-terminus and other
modulating domains at the N-terminus displaying
repression, activation and protein/protein interaction
activities (2). YY1 interacts with several key transcription
factors, including TBP, TAFs, TFIIB and Sp1, as well as
histone-modifying complexes, such as p300, HDACs,
PRMT1 and Polycomb complexes (2,3). Many cellular
and viral genes are controlled by YY1. A recent survey
estimated that  10% of human genes contain YY1
binding sites near their promoter regions (4). Another
set of studies has revealed that some of mammalian
imprinted genes contain very unusual tandem arrays of
YY1 binding sites in their controlling regions, suggesting
potential roles in mammalian genomic imprinting (5–7).
A series of mouse mutagenesis experiments demonstrated
the dosage-dependent essential roles of YY1 during
mouse development as well as in cell cycle control (8,9).
YY1 is evolutionarily well conserved throughout the
vertebrate and invertebrate lineages. It has been identiﬁed
in several vertebrate species (1,10,11), and two genes very
similar to YY1 are found even in ﬂies, Pleiohomeotic
(PHO) and Pho-like (PHOL) (12,13). PHO is one of the
DNA-targeting proteins for the Polycomb complex and
the phenotypes of pho-deﬁcient mutants can be rescued
by mammalian YY1 (14). In mammalian genomes, two
other YY1-related genes have been identiﬁed, YY2
(Yin Yang 2) and Reduced Expression 1 (REX1). YY2
is functionally very similar to YY1 (15), and is a
retroposed copy duplicated from YY1 based on its
intronless structure and location in the intron of another
X-chromosomal gene, Mbtps2 (16). REX1 was indepen-
dently discovered, before the identiﬁcation of YY1,
due to its unique expression proﬁle: dramatic decline
of expression after retinoic acid-induced diﬀerentiation
of F9 murine teratocarcinoma stem cells (17). Subse-
quently, REX1 has been mainly studied as a stem cell
marker that is controlled by Oct3/4 (18,19). A recent
comparative study, however, emphasized that REX1 is
a member of the YY1 subfamily (20).
Despite the signiﬁcant roles and evolutionary conserva-
tion of YY1-related sequences in animals, there has not
been any systematic analysis of these sequences in terms
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functional diversiﬁcation. To address this, we have
analyzed YY1-related sequences identiﬁed from genome
sequences ranging from ﬂying insects to placental mam-
mals. We have identiﬁed two evolutionarily conserved
protein domains within YY1 which were previously
unrecognized. We have uncovered independent retro-
position events that have been responsible for forming
duplicate copies, such as PHOL from PHO in ﬂies, and
YY2 and REX1 from YY1 in placental mammals. Our
analyses revealed that the zinc ﬁnger domains of YY2 and
REX1 have been under diﬀerent selection pressures
compared to YY1. Their DNA-binding properties have
evolved from YY1 by weakening DNA-binding aﬃnity
in both YY2 and REX1, and changing DNA-binding
motifs in REX1. The evolution patterns of YY1 and other
YY1-related genes described in the current study provide
a unique paradigm for gene duplication and functional
diversiﬁcation.
MATERIALS AND METHODS
Database search and sequence analyses
A series of database searches were conducted using the
BLAST program (http://www.ncbi.nlm.gov/BLAST)
to obtain YY1-related sequences. Human YY1
(NP_003394.1) was ﬁrst used as a query sequence to
search sequence databases, including NCBI, the Genome
Browser at University of California Santa Cruz and
Ensembl. Later, human REX1 (NP_777560.2) and YY2
(NP_996806.1) were used to further characterize the
identiﬁed YY1-related sequences from chordates, while
Drosophila melanogaster PHO (NP_524630.1) and PHOL
(NP_648317.1) were used for the identiﬁed insect
sequences. The detailed information regarding all the
YY1-related sequences described in this study is available
as Supplementary Data 1 through the following website
(http://JooKimLab.lsu.edu/JooKimLab/Data.html).
Multiple sequence alignments were performed with
ClustalW using the following parameters: gap opening
penalty¼10, gap extension penalty¼0.1 (0.2 for multiple
alignment), Gonnet Protein Weight Matrix, residue
speciﬁc penalties¼ON, hydrophilic penalties¼ON, gap
separation distance¼4, end gap separation¼OFF (21).
Sequences were edited manually in Mega3 V3.1 to remove
spurious introns from some sequences (22). Separate
multiple alignments were performed for insects’ and
chordates’ sequences. Subsequently, two phylogeny gene
trees were constructed and analyzed using both the
neighbor-joining and maximum parsimony methods as
implemented in Mega3 V3.1 with Poisson correction and
conﬁrmed by bootstrapping 1000 iterations (23).
Synonymous and non-synonymous substitution rates
were estimated using two diﬀerent approaches: Nei–
Gojobori (24) and Yang–Nielsen methods (25).
Expression offusion proteins and DNA-binding motif study
The zinc ﬁnger regions of YY1 (NM_009537.2), YY2
(NM_178266) and REX1 (NM_009556.2) were ampliﬁed
from either mouse brain cDNAs or genomic DNAs
by the following primer sets: YY1 (mYY1Zn5,
50-CCAAGAACAATAGCTTGCCCTC-30 and mYY1Zn3,
50-TCACTGGTTGTTTTTGGCTTTAGCG-30), YY2
(mYY2Zn5, 50-CCAAGACCTATAGCATGCTCTC-30
and mYY2Zn3, 50-TTACTGGTCATTCTT
GTTCTTAACATGGG-30) and REX1 (mRexZn5, 50-
TTATCGATGCTGGAGTGTCCTCAAGC-30 and
mRexZn3, 50-TCAGCATTTCTTCCCTGCCTTTGC-30).
The ampliﬁed products were ﬁrst cloned into the pCR4-
TOPO vector (Invitrogen, Carlsbad, CA, USA), and later
transferred to the EcoRI site of the pGEX-4T-2
vector (Amersham Biosciences, Piscataway, NJ, USA)
after sequence conﬁrmation. The constructed vectors were
transformed into BL21 (DE3) competent cells for bacterial
expression (Strategen, La Jolla, CA, USA). The optimum
induction of the constructs by IPTG was monitored
through SDS-PAGE (Supplementary Data 4 from http://
JooKimLab.lsu.edu/JooKimLab/Data.html).
DNA-binding motif studies were conducted as
described in the previous studies (26,27) with slight
modiﬁcations. Brieﬂy, the transformed cells were grown
at 378C in LB media (100ml) to an optical density of 0.6at
600nm, and protein expression was induced with 0.4mM
IPTG for additional 3.5h. Cells were harvested by
centrifugation at 4000g for 10min at 48C. Lysates were
prepared from the cell pellets by sonication in 6ml of ice-
cold NETN buﬀer (100mM NaCl, 1mM EDTA, 20mM
Tris–HCl, pH 8.0, 0.5% NP-40). Protein concentration in
cell lysates was determined using the Bradford assay
(Pierce, Rockford, IL, USA). Aliquots of 500mg/100ml
were frozen at  808C.
Immobilized glutathione agarose (Pierce) was washed
three times with 1ml ice-cold NETN buﬀer and used to
isolate fusion proteins by incubating 500mg lysate with
50ml washed agarose beads at 48C for 30min while
rotating. The agarose beads were precipitated by centri-
fugation, and washed twice ﬁrst with 1ml ice-cold NTEN
buﬀer and later with 1ml 1  binding buﬀer (12mM
HEPES, pH 7.9, 60mM KCl, 5mM MgCl2, 1mM DTT,
0.5mM EDTA, 0.05% NP-40, 50mg/ml bovine serum
albumin, 10% glycerol). The ﬁnal pellet was resuspended
in 100ml1   binding buﬀer. Randomized duplex DNAs
were prepared with PCR using following oligonucleotides
(10ng of NT55, 50-CTGTCGGAATTCGCTGACG
T(N)15CGTCTTATCGGATCCTACGT-30, 0.1mgo f
UpNt, 50-CTGTCGGAATTCGCTGACGT-30 and
0.1mgo fD w N t ,5 0-ACGTAGGAT CCGATAAGACG-30
as a template and primers for extension reaction,
respectively). Duplex DNAs were labeled 10mCi [a-
32P]
dATP for the easy chase of the bound DNAs with the
PCR reaction containing 5U of i-StarTaq DNA poly-
merase (Intron Biotech), 0.2mM each of dGTP, dTTP
and dCTP and 10mM dATP. PCR was performed for
25 cycles (958C3 0s ;6 5 8C 1min; 728C 1min). The labeled
DNAs were allowed to bind to the fusion protein
immobilized on the agarose beads at room temperature
for 30min with rotation. The bound DNAs were washed
three times with 1ml of 1  binding buﬀer, eluted by
phenol: chloroform extraction, and ﬁnally precipitated
ethanol. The eluted DNAs were ampliﬁed again with the
same conditions described earlier for another round of
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for 10 cycles. After ﬁve rounds of DNA-binding and
ampliﬁcation (Supplementary Data 4), the DNAs were
subcloned into pCR4-TOPO vector (Invitrogen). For each
fusion protein, 40–60 clones were puriﬁed and sequenced.
Gel shiftassayof DNA-binding motifs
The identiﬁed DNA motifs for each fusion protein were
further analyzed with gel shift assays (Gel shift Assay
System, Promega, Madison, WI, USA). About 10–20mg
of each fusion protein was used for each experiment with
the [g-
32P] ATP-labeled duplex probes prepared from the
following oligonucleotides: CSE2-A, 50-CCCACCCACCT
GGGCGCCATCTTTAATGAAAG-30, and CSE2-B,
50-CTTTCATTAAAGATGGCGCCCAGGTGGGTG
GG-30; 2a-A, 50-CCCACCCACCTGGGTGCCATCTTT
AATGAAAG-30, and 2a-B, 50-CTTTCATTAAAGATG
GCACCCAGGTGGGTGGG-30; 2b-A, 50-CCCACCCA
CCTGGGCACCATCTTTAATGAAAG-30, and 2b-B,
50-CTTTCATTAAAGATGGTGCCCAGGTGGGTG
GG-30; Probe1-A, 50-GATAAGACGCGGCAGCCATTT
GGAACGTCAGCG-30, and Probe1-B, 50-CGCTGACG
TTCCAAATGGCTGCCGCGTCTTATC-30; Probe2-A,
50-GATAAGACGGCAGCCATTTTGAGGCCCACG
TCAGCG-30, and Probe2-B, 50-CGCTGACGTGGGC
CTCAAAATGGCTGCCGTCTTATC-30; Probe3-A,
50-GATAAGACGCGGCAGCCATTAGGAACGTCA
GCG-30, and Probe3-B, 50-CGCTGACGTTCCTAATG
GCTGCCGCGTCTTATC-30; Probe4-A, 50-GATAAG
ACGGCCATTATGAGGCCCACGTCAGCG-30, and
Probe4-B, 50-CGCTGACGTGGGCCTCATAATGGCC
GTCTTATC-30; Probe5-A, 50-GATAAGACGGCCATT
TTGAGGCCCACGTCAGCG-30, and Probe5-B,
50-CGCTGACGTGGGCCTCAAAATGGCCGTCTTA
TC-30; Probe6-A, 50-GATAAGACAGCCATTTTGAGG
CCCACGTCAGCG-30, and Probe6-B, 50-CGCTGACGT
GGGCCTCAAAATGGCTGTCTTATC-30; Probe7-A,
50-GATAAGACCGCCATTTTGAGGCCCACGTCAG
CG-30, and Probe7-B, 50-CGCTGACGTGGGCCTCAA
AATGGCGGTCTTATC-30. To monitor our gel shift
assays, we also performed a set of control experiments
using endogenous YY1 from HeLa nuclear extracts
(Promega).
RESULTS
Identification of YY1-related sequences from
invertebrates and vertebrates
The protein sequence of human YY1 (GenBank accession
no. NP_0034941, 414 amino acid long) was used to search
databases to identify YY1-related sequences from all
available genome sequences. One YY1 homolog, known
as PHO, was identiﬁed from each of the ﬂying insects,
including mosquitoes, honeybees, beetles and 10 diﬀerent
speciesofﬂies.Inﬂies,asimilarsequence,knownasPHOL,
was identiﬁed from each of the 10 diﬀerent ﬂy species.
This totals to 23 diﬀerent YY1-related sequences from
insects. Database searches identiﬁed 39 diﬀerent
YY1-related sequences in chordates, ranging from uro-
chordates (sea squirts) to placental mammals: one each
from sea squirts and purple sea urchins, six from ﬁsh, one
from frog, one from chicken, 29 from mammals. In ﬁsh,
two copies of YY1 sequences were identiﬁed from each of
three sequenced genomes, zebraﬁsh, puﬀerﬁsh and spotted
puﬀerﬁsh whereas three copies of YY1-related sequences
were identiﬁed from each placental mammal. Database
searches have identiﬁed a total of 62 YY1-related
sequences. Based on sequence similarity, these are categor-
ized into ﬁve groups: the PHO and PHOL groups from
ﬂying insects, the YY1 group from vertebrates, and
the YY2 and REX1 groups from placental mammals
(Figure 1). Individual sequences and other related infor-
mation are available through the following website
(http://JooKimLab.lsu.edu/JooKimLab/Data.html).
Comparison of the amino acid sequences derived from
the YY1-related sequences identiﬁed three evolutionarily
conserved protein domains (Figure 1). These include two
domains in the middle of the protein (amino acid position
203–226 and 250–281 in the human YY1, respectively),
and one DNA-binding zinc ﬁnger domain at the
C-terminus (aa 298–414). The two domains in the
middle, Domains I and II, are located within the region
previously known as the Spacer between several
N-terminal domains and the C-terminal DNA-binding
domain (2). These two domains are found in the
YY1-related sequences of most, but not all, vertebrates
and insects. In ﬂies, only Domain I is found in both PHO
and PHOL sequences. In placental mammals, two
domains are found in YY2, but only Domain II is found
in the REX1 sequences. However, the zinc ﬁnger domain
is found in all the YY1-related sequences with high levels
of sequence conservation, ranging from 66 to 100%
similarity. The relative positions of these three protein
domains are also conserved among all the identiﬁed
sequences. The conservation of these three domains in the
YY1-related sequences suggests that these three domains
constitute the original domain structure of the YY1
protein.
Retroposition-mediated YY1 duplications in flies
and placental mammals
Several lineages have more than one copy of YY1-related
sequences, including ﬂies, ﬁsh and placental mammals.
Two copies of YY1-related sequences, PHO and PHOL,
are found in all the ﬂy species examined to date while only
one copy, PHO, is found in the other ﬂying insects. This
suggests a gene duplication unique to the ﬂy lineage.
According to the results of phylogenetic analyses
(Figure 2A), the topology of the two gene trees
corresponding to the PHO and PHOL groups in ﬂies is
very similar to that of the known species tree of the fruitﬂy
genus Drosophila, indicating that this gene duplication
predates the radiation of all ﬂy species. The PHO
sequences of the other ﬂying insects show slightly greater
levels of sequence similarity to the PHO rather than
PHOL sequences in ﬂies, suggesting that PHO is the
original sequence that gave rise to the duplicated copy
PHOL. This is further conﬁrmed by the diﬀerent exon
structures of PHO and PHOL (Figure 3A). The coding
region of PHO is split into ﬁve exons, and a similar split
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such as beetles and honeybees. In contrast, the entire
coding region of PHOL is located within one exon, an
intronless structure of its coding region. This intronless
genomic structure is usually observed in the sequences
that have been duplicated through an RNA-mediated
mechanism, retroposition, by which processed mRNAs
are reverse-transcribed and transposed to other genomic
loci without introns in germ cells (28). These data
therefore indicate that PHOL has been duplicated from
PHO through retroposition.
The two copies of YY1 sequences found in the ﬁsh
lineage show an almost identical sequence and exon
structure to each other (data not shown). Chromosome-
wide duplications are known to have been prevalent at
the early stage of the ﬁsh genome evolution (29,30).
Therefore, the two copies of YY1 present in each ﬁsh
genome are thought to be another outcome of this
chromosome-wide duplication event. In contrast, the
two additional copies in placental mammals, YY2 and
REX1, show quite diﬀerent evolution patterns. First,
like PHOL, the coding regions of both YY2 and REX1
are also located within one exon while the YY1 genes of
all vertebrates show a very similar split exon structure with
ﬁve coding exons (Figure 3B). This suggests that both
YY2 and REX1 were also duplicated from YY1 by
retroposition. The detection of YY2 and REX1 exclu-
sively in placental mammals further suggests relatively
recent formation of these two copies during mamma-
lian evolution with the estimated time being about
60–100 million years ago. In mammals, both YY2 and
REX1 are transcribed and maintain their Open Reading
Frames (ORFs), conﬁrming the functionality of these two
retroposed copies. Second, despite this recent origin,
inter-species sequence divergence levels of YY2 and
REX1 are much greater than those of YY1, as reﬂected
on the phylogenetic tree shown in Figure 2B. Very low
levels of sequence divergence are observed between all
the YY1 sequences of diﬀerent vertebrates whereas each
sequence from the YY2 and REX1 groups exhibits
average 20% divergence between diﬀerent species. This
indicates relaxation of evolutionary constraints on both
the YY2 and REX1 genes. As compared to REX1, YY2
displays greater levels of similarity to YY1 in terms of its
overall sequence and protein domain structure, suggesting
that the retroposition of YY2 may have occurred in more
Figure 1. Global alignment of YY1, YY2, REX1, PHO and PHOL. Protein sequences derived from 62 YY1-related sequences are aligned using the
ClustalW program. The zoom-out view of this result is shown for global representation. The actual sequence alignment is available as Supplementary
Data 2 through the following website (http://JooKimLab.lsu.edu/JooKimLab/Data.html). Each row represents one individual sequence and these
sequences are categorized into diﬀerent groups indicated by parentheses on the left. Diﬀerent amino acids are represented by diﬀerent background
colors, and thus a vertical line with the same color indicates the conservation (or identical amino acid residue) at that position amongst all the
sequences analyzed. The diﬀerent levels of evolutionary conservation throughout the entire region of YY1-related sequences are represented by a
graph underneath the alignment. Three regions are evolutionarily conserved, and thus highlighted by underlines with arrows. These include Domain I
and II that are located within the previously deﬁned Spacer region, and the DNA-binding zinc ﬁnger domain at the C-terminus. The protein domain
structure of human YY1 is shown as a reference at the bottom (2).
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comparison also revealed that both YY2 and REX1
share higher sequence identity with YY1 than each other
(Supplementary Data 3), suggesting that both REX1
and YY2 have been independently derived from YY1. The
presence of two conserved domains, Domains I and II,
in YY2 also supports the idea that YY2 has been derived
from YY1, not from REX1, since REX1 has only Domain
I. Overall, exon structure and sequence conservation levels
suggest that the two retroposed copies, YY2 and REX1,
have been under diﬀerent levels of functional constraints
than the original gene, YY1.
Different selection pressures on the DNA-binding
domainsof YY1, YY2and REX1
All the YY1-related sequences show very unusual levels of
sequence conservation in the DNA-binding domain of the
predicted proteins (Figure 4). The zinc ﬁnger domains of
PHO and PHOL from all of the diﬀerent ﬂy species share
5 and 18 amino acid diﬀerences, respectively, as compared
to those of vertebrate YY1. The zinc ﬁnger domains of the
other ﬂying insects, however, show an almost identical
sequence to those of vertebrate YY1. Thus, the observed
amino acid diﬀerences in ﬂies represent the substitutions
that had occurred in the ﬂy lineage. Apparently, the
overall consensus sequence of ﬂying insects’ PHO is still
identical to that of vertebrate YY1. Similarly, the zinc
ﬁnger domains of vertebrates’ YY1 also do not show any
shared substitution except for one or two species-speciﬁc
amino acid changes. Thus, YY1 is believed to have
maintained its DNA-binding domain without any amino
acid changes in the past 600 million year period,
representing one of the most extreme cases for functional
selection imposed on an eukaryote gene.
As described earlier, YY2 and REX1 have been under
diﬀerent levels of evolutionary constraints since their
formation in placental mammals. This is in stark contrast
to the extreme conservation of YY1. The zinc ﬁnger
domains of diﬀerent species’ YY2 protein show an average
of 6–11 amino acid diﬀerences as compared to that of
YY1 (Figure 4). None of these changes are shared among
diﬀerent mammals, indicating that these changes represent
independent substitutions that occurred in each species.
Similarly, the zinc ﬁnger domains of diﬀerent species’
REX1 proteins also show an average of 11–20 amino acid
diﬀerences between each other, implying a slightly higher
level of relaxation of evolutionary constraint on REX1.
As compared to vertebrate YY1, however, the zinc ﬁnger
domains of all REX1 sequences share 8 amino acid
substitutions (Figure 4). These substitutions represent the
changes that occurred and were ﬁxed before the radiation
of eutherian mammals. The sudden ﬁxation of these
substitutions might be an evolutionary remnant suggesting
A
B
Figure 2. Gene trees connecting (A) PHO and PHOL and (B) YY1,
YY2 and REX1. Alignments were ﬁrst created using a subset of
sequences, the protein sequences of which are available or can be
predicted with certainty. Later, the trees were constructed with the
neighbor-joining method using the Mega3 program. In each tree, the
bootstrap values calculated from 1000 replicates are indicated above
each branch. The trees constructed with the maximum parsimony
method are also available as Supplementary Data 6.
Figure 3. Exon structures of (A) PHO and PHOL and (B) YY1, YY2
and REX1. The protein coding regions of PHO and YY1 both are split
into ﬁve diﬀerent exons depicted by boxes. Three conserved domains
are marked by diﬀerent colors: green for Domain I, blue for Domain II
and gray for the zinc ﬁnger domain. This multi-exonic structure of
both PHO and YY1 is conserved throughout all studied lineages.
In contrast, the entire coding region of each PHOL, YY2 and REX1
is localized within one exon, suggesting the retroposition-driven
formation of these duplicates in both the ﬂy and placental mammal
lineages. This retroposition-mediated duplication also resulted in the
diﬀerent chromosomal positions among these duplicates as shown in
the right column.
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stages of REX1 evolution, although our analyses point
toward purifying selection with relaxed constraints for the
REX1 evolution (Supplementary Data 5). Interestingly,
most of these changes are localized within Fingers 1 and 4,
and are also non-conservative amino acid substitutions
from the original amino acid residues of YY1. In
particular, the amino acid change T398N in Finger 4 is
localized within the region known to contact directly
with the bases of target DNAs (31). Therefore, this change
along with other amino acid substitutions in REX1
may have a functional outcome possibly allowing
REX1 to bind to DNA motifs divergent from the YY1
DNA-binding motif. Similarly, the amino acid substitu-
tions within YY2 also appear to be slightly more frequent
in Fingers 1 and 4, suggesting the presence of diﬀerent
selection pressures on each zinc ﬁnger. However, none of
YY2 changes appear to be located within critical regions
for its DNA binding, predicting no major diﬀerence
between the DNA binding motifs between YY1 and YY2.
DNA-binding motifs of YY1, YY2and REX1
We have further investigated the functional consequences
of diﬀerent selection pressures imposed on the zinc ﬁnger
domains of YY1, YY2 and REX1 by characterizing their
DNA-binding motifs. For this experiment, the zinc ﬁnger
domain of each protein was subcloned into the down-
stream region of the GST protein, expressed as part of a
fusion protein in bacteria, ﬁxed on agarose beads, and
ﬁnally we allowed them to bind to duplex DNAs derived
from randomized oligonucleotide sequences (4
n¼15).
Figure 4. Sequence alignment of the zinc ﬁnger domains of YY1-related sequences. The zinc ﬁnger domains of YY1-related sequences are compared
with that of human YY1 (aa 298–411). The amino acid residues identical to human YY1 are indicated by dashes (–). The residues that diﬀer from
human YY1 are indicated by the single letter amino acid code with colors: green for conservative substitution and red for non-conservative
substitution. Several entries underneath the YY1 sequence correspond to the sequences from diﬀerent lineages. The entries in the middle and bottom
of the alignment represent the YY2 and REX1 sequences, respectively. The amino acid residues known to contact directly with the bases of target
DNAs are indicated on the last row. The duplex sequence of a known YY1 target DNA from the Adeno-Associated Virus (AAV) P5 promoter is
shown along with contacting amino acid residues, which are indicated by the single letter code with the amino acid position information based on
human YY1 sequence.
Nucleic Acids Research, 2007, Vol. 35,No. 10 3447After ﬁve rounds of selection, the bound DNAs were
subcloned and sequenced (Figure 5). In the case of YY1,
20 of 34 bound DNAs contain DNA motifs that have
either a perfect match or 1 base diﬀerence from the known
YY1 consensus sequence. All of the remaining 14 bound
DNAs still show an almost identical sequence as YY1 but
have an average of two base diﬀerences from YY1. Our
approach used only the zinc ﬁnger domain of YY1, but
most of the bound DNAs are identical to the known
consensus sequence of YY1. This conﬁrms the modular
nature of the zinc ﬁnger domain of YY1, and subsequently
the feasibility of this approach.
In the case of YY2, 16 of 46 sequences contain DNA
motifs similar to the YY1 consensus sequence. As with the
YY1 fusion protein, the remaining sequences also contain
a motif similar to YY1 with two base diﬀerences,
conﬁrming our initial prediction: there is no major
diﬀerence between YY1 and YY2 motifs. Interestingly,
however, most of the YY2-bound sequences have more
than two binding motifs within the randomized portion of
each sequence. About half of the bound sequences show
two motifs in an opposite orientation, with the other half
in the same orientation. In contrast to YY2, the DNAs
bound by REX1 seem to be slightly diﬀerent from those
bound by either YY1 or YY2. The sequences bound by
REX1 can be divided into two groups. These two groups
can be represented by two slightly diﬀerent consensus
sequences (Figure 5): Type 1 (50-GGCAGCCATTA-30)
and Type 2 (50-GGCCATTA-30). The consensus sequences
of these two groups diﬀer by the presence (or absence) of
three bases (GGC) at the 50-side. These two consensus
sequences also show one unique diﬀerence at their 30-side
ﬁnal position: all the DNAs bound by REX1 contain A
instead of T. This is consistent with the amino acid change
Figure 5. DNA-binding motifs of YY1, YY2 and REX1. The sequences of DNAs bound by YY1 (left), YY2 (middle) and REX1 (right) are shown
with the clone numbers on the right. The uppercase sequences are derived from the randomized portion of the input DNAs for binding whereas the
lowercase dinucleotides represent the surrounding, ﬁxed portion of the input DNAs. The majority of the DNAs bound by both YY1 and YY2
contain the known YY1 consensus motif (CGCCAT.TT), which is marked blue in the forward direction and by red in the reverse direction. The
DNAs bound by REX1 are divided into two groups: one group indicated by blue and the other by bold-type. The total number of analyzed DNA
molecules for each individual protein is indicated inside the parenthesis. For YY1 and YY2, the ﬁrst number corresponds to the number of bound
DNAs with either a perfect match or one base diﬀerence, while the second number to bound DNAs with more than two base diﬀerences.
3448 Nucleic Acids Research, 2007, Vol. 35, No. 10detected in the critical DNA binding region of REX1,
T388N in Figure 4. Despite these changes, the core
sequences of the YY2 and REX1 binding motifs are
still the same as that of YY1 (50-CCAT-30), suggesting that
the conservation of the two ﬁngers, Fingers 2 and 3, may
be responsible for maintaining a similar core target motif
among these three genes.
Gel shift assays ofDNA-binding motifs ofYY1,
YY2 andREX1
The DNA-binding motifs of YY1, YY2 and REX1 were
further analyzed using gel shift assays (Figure 6). In the
case of YY1, we have used the same set of duplex
oligonucleotides used in a previous study to demonstrate
the subtle but unique property of YY1, methylation-
sensitive DNA-binding (5). As expected, the
DNA-binding domain, as part of the GST-YY1 fusion
protein, showed an almost identical pattern of DNA
binding as endogenous YY1 protein (Figure 6A). The
GST-YY1 protein is methylation-sensitive: methylation
on the upper strand is inhibitory to the binding
(Figure 6A, Lanes 1–4). One base change in this CpG
site, either CpA or TpG, somewhat reduced the aﬃnity of
the YY1 binding, but still allowed YY1 binding to these
probes (Figure 6A, Lanes 5–6). The DNA-binding domain
of YY2 also showed a similar pattern of DNA binding:
methylation-sensitive binding and subtle eﬀects by single
base changes caused by the CpG site (Figure 6B).
However, the DNA-binding aﬃnity of YY2 is much
weaker than YY1 based on the results derived from our
control experiments for gel shift assays (Supplementary
Data 4). We have also tested some of the DNAs that
contain two motifs within the randomized portion of the
Figure 6. Gel shift assays of DNA-binding motifs of (A) YY1, (B) YY2 and (C) REX1. Identiﬁed DNA-binding motifs were further conﬁrmed with
gel shift assays using three fusion proteins. For the gel shift assays of the YY1 and YY2 fusion proteins, we have used a set of the six diﬀerent duplex
probes that have been previously used for testing the methylation-sensitive DNA-binding activity of endogenous YY1 (5). Four diﬀerent probes have
an identical sequence as the CSE2 probe containing one YY1 binding site indicated by an underline. However, their methylation status at the CpG
site is diﬀerent: u ( / ), unmethylated on both strands; hm (þ/ ), methylated on the upper strand; hm ( /þ), methylated on the bottom strand; and
m( þ/þ), methylated on both strands. For the DNA-binding motif studies of (C) REX1, we have used seven probes: the YY1 consensus motif probe
(Probe 7), and two YY1-related probes with one base diﬀerence (Probe 6&5), the Type 2 and 1 motifs of REX1 (Probe 4&3), and two variants of the
Type 2 motif (Probe 2&1). The REX1 and YY1 proteins were individually used for the left and right sets of gel shift assays, respectively (Upper
panel). Three representative probes were also used for competition assays (Lower panel). One minor band below the REX1 protein is from non-
speciﬁc binding by an unidentiﬁed Escherichia coli protein in crude extracts. The sequences of these probes are shown on the bottom, and the
relevant binding motifs within these sequences are bold-typed.
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diﬀerence in binding between the duplex DNAs with two
binding motifs versus single binding motif (data not
shown). Overall, the DNA-binding patterns of YY1 and
YY2 appear to be similar except for the fact that the
binding aﬃnity of YY2 is much weaker than YY1,
consistent with the observed relaxation of evolutionary
constraint on the DNA-binding domain of YY2.
Several sets of gel shift assays were performed for the
identiﬁed DNA-binding motifs of REX1 (Upper panel in
Figure 6C). The REX1 and YY1 fusion proteins were
individually allowed to bind to seven duplex probes. These
include three consensus motifs, the consensus of YY1
(Probe 7), the consensus of REX1 Type 1 (Probe 3) and
Type 2 (Probe 4). We have also included four other probes
containing one or two base variations from the three
consensus motifs to further dissect the binding speciﬁcity
of REX1 and YY1. The REX1 protein bound to the four
probes containing REX1 motifs (Probes 1–4), but not to
the YY1 or related probes (Probes 5–7). On the other
hand, the binding of the YY1 protein to the REX1 probes
was detected but very marginal compared to its binding to
the YY1 or related probes (Probes 5–7). This indicates the
diﬀerent binding speciﬁcity between the YY1 and REX1
proteins. This diﬀerent binding speciﬁcity is originated
from three key diﬀerences found in the REX1 binding
motifs as compared to the YY1 binding motifs. First, the
REX1 motifs have A instead of T at the 8th position of the
YY1 consensus (CGCCATNTT). This change reduced
dramatically the binding aﬃnity of the YY1 protein, but
increased the binding aﬃnity of the REX1 protein
(Probe 4 versus Probe 5). Second, the REX1 motifs do
not show any base preference at the 9th position of the
YY1 consensus (CGCCATNTT). Interestingly, the T base
at this position reduced slightly the binding aﬃnity of
the REX1 protein, but is required for the binding of the
YY1 protein (Probe 1 versus Probe 2). Third, one of the
REX1 motifs contains additional three bases (50-GGC-30)
at the 50-side of its sequence. The addition of these three
bases reduced the binding aﬃnity of the YY1 protein,
but increased the aﬃnity of the REX1 protein (Probe 2
versus Probe 6). The signiﬁcance of these key diﬀerences
was further demonstrated by competition assays using
three representative probes (Lower panel in Figure 6C).
Overall, these data clearly demonstrate the diﬀerent
binding speciﬁcity between the YY1 and REX1
proteins, and also prove that the two identiﬁed motifs,
Types 1 and 2, represent bona ﬁde DNA-binding motifs
for REX1. The positions of these three critical base
diﬀerences in the surrounding regions of the core motif
(50-CCAT-30) are consistent with an observed evolution
pattern (Figure 4), diﬀerential selection pressures on each
of the four zinc ﬁnger units of the REX1 protein.
DISCUSSION
In the current study, we have analyzed all the YY1-related
sequences identiﬁed from genome sequences of inverte-
brates and vertebrates. We have identiﬁed two other
protein domains, besides the zinc ﬁnger domain, that are
conserved throughout all the YY1 and YY1-related
sequences. Our analyses also conﬁrmed that independent
retroposition events have been responsible for forming
duplicated copies, such as PHOL from PHO in ﬂies, and
YY2 and REX1 from YY1 in placental mammals. The
zinc ﬁnger domains of YY2 and REX1 have been under
diﬀerent selection pressures than YY1, and consequently
their DNA-binding properties have evolved from those of
YY1 by weakening DNA-binding aﬃnity in YY2 and
REX1, and changing DNA-binding motifs in REX1. The
evolution patterns of YY1 and other YY1-related proteins
appear to be unique in several regards, as discussed
subsequently.
Besides the zinc ﬁnger domain, two other protein
domains, Domains I and II, are evolutionarily well
conserved throughout all the YY1-related sequences
ranging from ﬂying insects to mammals (Figure 1). The
conservation of these two domains is somewhat less
obvious within the sequences of ﬂies, but the detection of
these domains within the PHO sequences of honeybees
and beetles undoubtedly indicates that these two domains
are part of the original domains of YY1. Database
searches with these two domains did not ﬁnd any proteins
other than YY1 or YY1-related sequences, suggesting that
these two domains are unique to YY1-related sequences
(data not shown). According to previous studies analyzing
protein–protein interactions, the Spacer region, a rela-
tively large region of YY1 (aa 201–298 in human YY1)
encompassing these two domains, is responsible for
the interaction with the viral oncoprotein E1A and the
p53-interacting partner Hdm2 (11,32). It should be
interesting to test whether YY2 and REX1 also interact
with the above two proteins. Nevertheless, the functional
roles played by these two domains are predicted to be
essential for YY1 functions based on their conservation in
most of the YY1-related sequences.
There are several key transcription factors with similar
evolutionary ages as YY1, such as Sp1 and the E2F family
of proteins. These transcription factors have increased
their gene copy numbers along with the increase of
complexity and genome size of animals (33,34), but the
duplication of these genes has been mainly driven by
DNA-mediated mechanisms involving the entire genomic
fragments surrounding individual genes (35,36). That is,
in the Sp1 and E2F families, the whole gene structure has
been duplicated with exons, introns and promoters intact.
In the case of YY1, however, retroposition has been the
primary mechanism for its duplication: PHOL duplication
from PHO, and YY2 and REX1 duplications from YY1
(Figure 3), which is quite diﬀerent from the general
duplication mode observed in other key transcription
factors. A gene copy duplicated through retroposition is
subject to transcriptional controls diﬀerent from those of
its original gene due to its random insertions at other
genomic regions. As an outcome, the duplicate copy tends
to show diﬀerent expression patterns compared with its
original gene. Consistently, both YY2 and REX1 also
display expression patterns quite diﬀerent from that of
YY1. As compared to the ubiquitous expression patterns
of YY1, YY2 shows more germ cell-speciﬁc expression
patterns (16), and REX1 exhibits stem cell-speciﬁc
3450 Nucleic Acids Research, 2007, Vol. 35, No. 10expression (20). It is still puzzling why YY1 duplication
has been driven by retroposition, but diﬀerent expression
patterns resulting from this duplication mode may have
been one major factor contributing to the success of YY1
duplications in placental mammals.
The evolutionary patterns observed with YY2 and
REX1 are quite diﬀerent from that of YY1 (Figure 4).
YY1 shows high levels of sequence conservation through-
out its coding region. In particular, the zinc ﬁnger domain
of YY1 has maintained its amino acid sequence without
any changes in the past 600-million year period, implying
that the YY1 homologs, insect PHO and vertebrate YY1,
may still bind to similar DNA motifs. This turns out to be
the case based on DNA-binding motif studies (12,13).
In contrast, the zinc ﬁnger domains of YY2 and REX1
show much higher levels of inter-species sequence
divergence, suggesting relaxed constraints on their
DNA-binding domains. Consequently, both YY2 and
REX1 display much weaker DNA-binding aﬃnity than
YY1 (Figure 6 and Supplementary Data 4). The loosened
DNA-binding aﬃnities of YY2 and REX1 may have
allowed these duplicates to bind to slightly diﬀerent
binding motifs, as seen in REX1 (Figure 5), and
subsequently to bind to new sets of downstream genes.
Together diﬀerent expression patterns, loosened aﬃnities
and diﬀerent DNA-binding motifs may have contributed
to the functional diversiﬁcation of the two duplicates,
YY2 and REX1, in the mammalian lineage.
Successful gene duplication is still regarded as a rare
evolutionary event (37), which is further supported by the
single-copy status of YY1 in the majority of animal
lineages. Then, what could be the main reason(s) under-
lying the sudden formation of two YY1 duplicates in
placental mammals? This may be indirectly answered
by observations drawn from other gene duplicates in
mammals. For instance, DNMT3L is a member of the
DNA methyltransferase family, which is found only in
mammals (38). Yet, DNMT3L has been found to be
involved in genomic imprinting (39), a gene dosage control
mechanism unique to placental mammals (40). CTCFL
(or BORIS), a mammal-speciﬁc duplicate of the vertebrate
insulator protein CTCF (41), might be involved in
establishing the gametic imprinting mark of DNA
methylation for H19 during germ cell development (42).
In both cases, gene duplicates appear to play speciﬁc roles
in mammal lineage-speciﬁc novelties, such as genomic
imprinting and epigenetic modiﬁcation. These two dupli-
cates, interestingly, share some similarities with the YY1
duplicates, YY2 and REX1, such as recent formation,
rapid evolution, lineage-speciﬁc conservation in mammals
and germ cell-speciﬁc expression (43). Furthermore,
recent studies suggest that several imprinted domains
may be controlled by YY1 or related transcription
factors (6,7). This entices the speculation that both YY2
and REX1 may be also involved in novel placental
mammal-speciﬁc functions, such as genomic imprinting.
This idea needs to be tested, but the evolutionary
patterns presented in this study clearly indicate the tight
linkage of both YY2 and REX1 to the biology of placental
mammals.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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